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Superconducting flux-flow type ultrasensitive magnetic sensors 
- An alternative to dc-SQUIDs 
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Based on recent works [1-3], with this note I present a new class of superconducting ultrasensitive wideband 
high- dynamics magnetometers based on the magnetic field dependence of the Eck step voltage in long Joseph- 
son tunnel junctions (LJTJs). The sensor principle is to capture the flux related to the field to be measured 
by means of a superconducting loop, perpendicular to the applied field. Then a shielding current circulates 
in the loop to conserve the flux. If this loop has a narrow constriction, the circulating current density will 
become relatively high and will locally create a magnetic field large enough to bring a biased LJTJ in the 
flux flow state, i.e., at a finite voltage. It turned out that the performances of such sensor, among which a 

-i /o I 

magnetic spectral density SJ = 0(fT/\ / Hz), despite its simplicity, are comparable to those of the best 
present-day dc-SQUIDs. Experiments are in progress. Therefore, at this stage, comments on the proposed 
magnetometer and hints for possible improvements of its performances will be welcome. 



Let us consider a superconducting thin-film planar loop 
with a constriction that overlaps with a spaced supercon- 
ducting patch underneath. The top view of this system 
is schematically shown in Fig.l, where the square loop is 
drawn in dark gray and the patch in light gray. If the 
system is immersed in a uniform magnetic field, H±, per- 
pendicular to the loop plane, the external magnetic flux 
linked to loop is $ e = jaoH±A p ^ where /iq is the vacuum 
magnetic permeability and A p is the flux capture area 
of the loop (we have assumed that no flux was trapped 
in the loop during the cool down). Denoting with L p 
the pick-up loop inductance and with w the constriction 
width, the shielding current, J c ^ r , which circulates in the 
loop to restore the initial flux 4 , is I c { r = fioH_\_A p /L p . If 
the superconducting sheet underneath the constriction is 
large enough to act as a ground plane, then an in plane 
magnetic field, H\\ = I c ir/ W oc H±, exists in between the 
constriction and the ground plane. By propely designing 
the loop and its constriction, the proportionality factor, 
K = hqA p /wL p , can be larger than 10 3 ; in other words, 
the constricted loop behaves as an efficient transverse to 
in-plane magnetic field converter 5 . If a device sensitive to 
the in-plane magnetic field is placed in between the con- 
striction and the underlying patch, it is then possible to 
measure the applied transverse field. Within the context 
of superconducting thin films, the most obvious detector 
choice is a Josephson junction. Recently 2 , a magnetome- 
ter was proposed in which any change in the transverse 
field was measured by the variation of the critical current, 
J c , of a Josephson tunnel junction. The best performance 
was achieved by using a one-dimensional long Josephson 
tunnel junction (LJTJ) whose width W is smaller and 
whose length L is larger than the Josephson penetration 
length, Xj = y/<£o/27r/io^ra^c? setting the length unit of 
the LJTJ; $o is the magnetic flux quantum, J c the junc- 
tion critical current density and d m the junction magnetic 
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FIG. 1. Top view (not to scale) of a planar loop (dark gray) 
with a constriction overlaying a a spaced superconducting 
patch underneath (light gray). To realize the magnetome- 
ter a window-type long Josephson tunnel junction (sketched 
in white) is sandwiched between the loop constriction and the 
patch. 



thickness 6 . A theoretical analysis of this system, corrob- 
orated by experiments, has been also reported 1 in which 
the static sine-Gordon equation 7 for a one-dimensional 
in-line LJTJ has been coupled to the quantization 8 of 
the fluxoid in the doubly connected electrode. 
In presence of a in-plane magnetic field, a LJTJ behaves 
like an extreme type-II superconductor. For small fields 
it acts as a perfect diamagnet by establishing circulat- 
ing screening currents which maintain the interior field 
at zero (Meissner effect); the Meissner regime is reflected 
by a linear decrease of I c with weak magnetic fields which 
goes to zero at the critical field, H c \\ — 2J C \^ where 
magnetic vortices start to penetrate. The idea itself of a 
magnetic sensor based on LJTJs is interesting, and the 
proposed device has some advantages over the conven- 
tional sensors based on quantum interference: i) its de- 
sign does not require any compromise between the loop 
and the junction parameters, ii) its embodiment does not 



require any external electronics (such as input coil, mod- 
ulation and feedback coil, flux transformer, tunable res- 
onators and so on) and iii) its fabrication is fully com- 
patible with any present low- and high-T c thin film tech- 
nology developed for the fabrication of Josephson junc- 
tions. However, accuracy of the critical current measure- 
ment depends on the switching probability (or escape 
rate) caused by the thermal noise. It requires the ac- 
quisition of 10 4 -10 5 switches by standard time-of- flight 
techniques 9 ' 10 , so limiting the use of the sensor only to 
static or slowly changing fields. If a broad-band sen- 
sor is needed, then a voltage response is required (in dc- 
SQUIDS this task is achieved by using shunted Josephson 
junctions). 

Fortuitously, it turns out that the same device can also 
provide a high voltage responsivity, so keeping the above 
mentioned merit points and, at same time, showing supe- 
rior performances. In fact, in presence of a magnetic field 
several time larger than its critical field, a LJTJ devel- 
ops a steep current singularity, called flux- flow or Eck 11 
step, at finite voltages of a fraction of the gap voltage. 
An autonomous flux-flow oscillator (FFO) is a LJTJ in 
which a unidirectional viscous flow of Josephson vortices 
(fluxons) occurs and coherent electromagnetic radiation 
is emitted from one of its ends where the fluxon chain col- 
lides with the boundary 12 ; 1 fiW of power can be emitted 
in the frequency range 100-700 GHz within a 10 MHz 
linewidth 14 . Indeed, the flux flow is a very well stud- 
ied phenomenon that since long is being exploited for 
the realization of low noise integrated THz receivers 15 . 
The FFO voltage, V^ c , is determined by two independent 
stationary currents: one is referred to as the control cur- 
rent, I ct u which entirely flow in one of the junction elec- 
trodes and creates the magnetic field at the two ends of 
the junction, while the bias current, J^ c , applied through 
the tunneling barrier accelerates the fluxons and moves 
them from one junction extremity to the opposite one. 
In a proper magnetic field range the voltage of the flux 
flow step, in a first approximation, grows linearly with 
the in-plane magnetic field, Vdc = podH\\u, where u is 
the relativistic speed of fluxon train 12 that cannot ex- 
ceed the Swihart velocity c = Xjuj c . Since the magnetic 
field is generated by a control current, I ct i, in one of 
the junction electrodes (we know that it is preferable 3 
to use the top electrode/wiring layer that typically has 
a larger inductance per unit length, C = podm/w), then 
Vdc — £- u Icth resulting in a very simple expression for 
the so-called transresistance, R m = dVd c /dI c ti = Cu, 
usual in transistor-like devices 13 . (In passing, we ob- 
serve that a transresistance of few ohms can be reason- 
ably obtained 3 which would improve the gain of flux- flow 
current amplifiers 17 .) Therefore, identifying the control 
current with the circulating current, I ct i = I c ir, the volt- 
age responsivity, Vb = dVd c /dB, to a transverse mag- 
netic field density, B = poH±, of a FFO having a doubly 
connected electrode is 
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With a careful design, a responsivity larger than 
1 mV/fjbT can be achieved. The field range over 
which the responsivity stays constant corresponds to few 
times the transverse critical field, B c = ii$H c \\/K = 
2J c \jwLp/A p oc 1/Vb- The last expression has been ex- 
perimentally tested 1 3 . [Introducing the reduced velocity 
u = u/c, it is B c = 2upnJ c /Vb, where pN is the junc- 
tion normal resistance per unit area.] In addition, the 
dynamic range can be further increased by using a con- 
ventional flux-lock feedback to operate the device at its 
highest responsivity. 

The ultimate performance of any device also depends on 
its noise and bandwidth. To estimate the value of the 
minimum detectable change of the external field, it is 
important to know the power spectral density, Sb(w), 
of the intrinsic magnetic noise generated under working 
conditions. The noise in FFOs as been deeply studied, 
both analytically 20 and experimentally 21 ' 22 , since it de- 
termines the phase noise of the FFO radiation. The low- 
frequency (hid « 2eVdc) power spectral density, Sv(w), 
of the intrinsic voltage fluctuation of a FFO is white 
with 23 ' 24 : 

S v (0) = -(R d + Rm) 2 x 

7T 
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where e is the electron charge, Rd = dVdc/dldc the dy- 
namical resistance of the flux- flow step, ks the Boltz- 
mann constant, T the physical temperature, I p and I qp 
are the pair and the (temperature-dependent 25 ) quasi- 
particle currents, respectively. Since for high-quality 
Niobium-based FFOs at LHe temperatures, I p > I qp and 
eV > kBT, setting R m ~ Rd ~ 0.1CI and I p « 1mA, the 
voltage amplitude spectral density turns out to be: 



< /2 (0) 
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Ultimately, for the proposed magnetometer the low- 
frequency magnetic amplitude spectral density, in a first 
approximation, it is independent on the transresistance 
R m and essentially determined by the loop ratio L p /A p .: 
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For example, with L p /A. 

.1/2 
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3 nH/mm 2 and I p as before, 

we end up with S B /A (0) « 3fT/y/Hz. 
In the proposed magnetometer there is another source 
of intrinsic noise given by the thermal noise of the loop 
that generates mean-square fluctuations, < SI 2 ir >= 
ksT/Lp, on the circulating current which, in turns, are 
reflected on the noise in the step voltage. However, the 
current fluctuations < SI 2 tl > are order of magnitudes 
smaller than typical bias currents and therefore can be 
neglected. In the experiments, the fluctuation of the con- 
trol current gives rise to an external noise source. For the 
stabilization of the operating field, as it was customary 




FIG. 2. Same as in Fig.l but with a superconducting ground 
plane stripe (light gray) underneath the loop, except in the 
constriction region. 
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FIG. 3. Magnetic sensor formed by a series array of four 
LJTJs (and five loops). Each LJTJ has both the top (dark 
gray) and bottom (light gray) electrodes shaped in a loop. 



in Josephson memory cells 26 , one might use the mag- 
netic field generated by a persistent circulating current 
trapped during a proper field-cooling of the supercon- 
ducting loop. At the same time, the fiuxoid quantization 8 
applied to the superconducting loop automatically im- 
poses a constrain 1 on the difference of the Josephson 
phase at the junction extremities that makes the flow- 
flow state more stable, so reducing the step dynamical 
resistance. 

The magnetometer bandwidth is upper bounded by two 
factors. The loop is an R-L circuit, so the flux it en- 
closes can change no faster than on a time scale L p /R p , 
where R p oc u 2 accounts for the frequency (and temper- 
ature) dependent losses in the loop; therefore, the max- 
imum rate at which the circulating currents can follow 
the magnetic field variations is given by the condition 
R s (uo) < /io^o, where R s is the loop surface resistance 
and we have assumed the loop thickness larger than its 
penetration depth A. The time scale is independent on 
the loop geometrical parameters and only depends on 
its material and temperature: for Niobium at LHe tem- 
perature, we conservatively 28 estimate a cutoff frequency 
co>o ~ 10 GHz. Another upper bound is set by the max- 
imum rate at which the velocity-matching step voltage 
can keep track of the changes in the circulating currents; 
since the intrinsic response frequency of the steady-state 
motion of the fluxons is typically 50-100 GHz 27 , this lat- 
ter mechanism can be disregarded. 

Flux-focusing washer loops 29 or fractional-turn loops 30 
made by many loops in parallel can also be usefully em- 
ployed in the magnetometer embodiment. However, the 
most efficient way to cut down the inductance of a super- 
conducting element is achieved, as sketched in Fig. 2, by 
depositing it on top of another insulated superconductor. 
Fig. 2 also indicates the presence of a circulating control 
current due to a proper initial magnetic flux trapped dur- 
ing the N-S transition of the loop. Furthermore, series 
arrays of magnetometers can be used to increase the volt- 
age responsivity. This is sketched in Fig. 3 in which each 
LJTJ has both the top and bottom electrodes shaped in 



a loop. This double loop configuration is two times more 
sensitive to external flux changes: in fact, the shield- 
ing currents in the two loops circulate in opposite di- 
rections, but also on opposite sides with respect to the 
tunnel barrier, so that their respective in-plane magnetic 
fields add each other in the barrier plane. Assuming that 
all the loops in the array have the same inductance per 
unit area, the overall voltage responsivity of an array 
made of 7V-LJTJs (and TV + 1 loops) is expected to be 
Vb(N) = 2NVb- At the same time, the voltage noise 
across the array increases with y/~N, so that the array 

— 1/2 

signal-to-noise ratio, S B , results improved by a factor 

2y/N. 



Long Josephson tunnel junctions were traditionally used 
to investigate the physics of non-linear phenomena 31 . In 
the last decade they have been employed to shed light on 
other fundamental concepts in physics such as the sym- 
metry principles and how they are broken 32 34 . In this 
note I have discussed how one (or more) long Joseph- 
son tunnel junction can be integrated with a supercon- 
ducting loop to provide very large sensitivity to magnetic 
flux. We stress that the detection of magnetic flux with 
LJTJs is not based on the Josephson interference, but it 
only relies on the fiuxoid conservation in the loop. This 
magnetometer combines ease of use, low noise, high dy- 
namic performance and stability against thermal drifts. 
At the same time, it retains the advantages of high speed 
and low power inherent in Josephson devices. Its lin- 
ear response is particularly advantageous for magnetoen- 
cephalography and for noise thermometry. In addition, it 
is fully compatible with any present low- and high-T c thin 
film technology developed for the fabrication of Joseph- 
son junctions 35 . Further, the demand on the external 
electronics is reduced, although the proposed sensor can 
benefit, in all respects, of the accessory circuitries (input 
coil, modulation and feedback coil, flux transformer, tun- 
able resonators and so on). In this light, the proposed 
device could conveniently compete with the present-day 
dc- SQUID magnetometers. Experiments are in progress. 
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